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By Major-General H. P. Babbage

From the Proceedings of the British Association, 1888;
Paper read at Bath, September 12, 1888

Ten years have elapsed since a committee of the Britishcisi®n reported upon the Analytical Engine of my father, Charles
Babbage, and | desire now, while offering a few remarks upahReportto endeavour to convey some idea of the mechanical
arrangements of the engine to those who may be interested in it.

2. | am well assured that a time will come when suchrgine will be completed and be a powerful means of enlarging not only
pure mathematical science, but other branches of knowledge, anld, lagifar as in me lies, to hasten that time, and ftbelards
the general appreciation of the labours of my father, so little known or understood by the mulgtudétbe educated.

3. He considered thBaper by Menabredranslated with notes by Lady Lovelace, published in volume Baglor's “Scientific
Memoirs,” as quite disposing of the mathematical aspect of the invention. My businesswoowith that.

4. The idea of the Analytical Engine arose thus: When the fragment of the Differenoe,Erayv in theSouth Kensington Museum
was put together early in 1833, it was found that, as had beere lagfiicipated, it possessed powers beyond those for which it was
intended, and some of them could be and were demonstrated on that fragment.

5. It was evident that by interposing a few connecting-wheels, thennodf Result can be made to influence the last Difference, or
other part of the machine in several ways. Following out this ththought, he first proposed to arrange the axes of the Difference
Engine circularly, so that the Result column should be near thiae dést Difference, and thus easily within reach dfié.called this
arrangement “the engine eating its own tail.” But this soondetie idea of controlling the machine by entirely independent means,
and making it perform not only Addition, but all the processes dfiraetic at will in any order and as many times as might be
required. Work on the Difference Engine was stopped on 10th April, &883he first drawing of the Analytical Engine is dated in
September, 1834.

6. The object may shortly be given thus: It is a machine taledéécthe numerical value or values of any formula or function of
which the mathematician can indicate the method of solution. It is to perfomndihary rules of arithmetic in any order as previously
settled by the mathematician, and any number of times and on any quantities.

7. It is to be absolutely automatic, the slave of the matheiaatcarrying out his orders and relieving him from the drudgery of
computing.

8. The Analytical Engine is of course to print the results, oririeymediate result arrived at. He regarded this as arpewssble
requisite, without which a calculating machine might indeed be usefsbfoe purposes, but not for those of any scientific value. The
perpetual risk of error in copying and transferring lines of figuseaast troublesome, and tends to make results, themselvegiperfec
accurate, unreliable in use.

9. It is at once seen that the necessity of the engine beingaittdamposes a gigantic task on the inventor. The first means
employed to meet it is the use of cards to govern the enginee @hesery similar to those in use in the Jacquard loomhich we
owe the figured patterns in the beautiful fabrics we see everywhere in common use.

10. One set of cards would be used to communicate the “given numbers,” or constgmtsbdém to the machine. | shall call these
throughout this paper “Number Cards.”

11. Another set of cards would be used to direct to which particular place or column in theteesgneumbers, or any intermediate
numbers arising in the course of the calculation, are to be coneeyteansferred; these cards | will call “Directive Carddiere
would also be other “Directive Cards” for general purposes of control when necessary.

12. A third sort, called “Operation Cards,” would direct théualc operations to be performed, these would put the engine
mechanically into a condition to perform the particular operation required—Addition, Sidtr&c., &c.

13. | was once asked, “How do you set the question? Do you write it on paper and put itrimachime?” Well, given the problem,
the mathematician must first of all settle the operationstlaagbarticular quantities each is to be performed on antintlieefor each
operation.

14. Then the superintendent of the engine must make a “Number Card”tdigean number,” and settle the particular column in
the machine on to which each “given number” is to be first received, and assigmsdturavery intermediate result expected to arise
in the course of the calculation

15. He will then prepare “Directive Cards” accordingly, and these, togeitiethe necessary “Operation Cards” being placed in the
engine, the question will have been set; not exactly, as mydfseggested, written on paper, but in cardboard, and motion being
supplied the engine will give the answer.

16. Now this appears a long process for what may be a simple question, but it i®tedtnat the engine is designed for analytical
purposes, and it would be like using the steam hammer to crusiuth&é use the Analytical Engine to solve common sums in
arithmetic; or, adopting the language of Leibnitz: “It is not manléHose who sell vegetables or little fishes, but for obsereatoor
the private rooms of calculators, or for others who can easily beaxplemse, and need a good deal of calculation.” Moreover, except
the “Number Cards,” all the cards, once made for any given prold@mpe used for the same problem, with any other “given
numbers,” and it would not be necessary to prepare them a seemrdttiey could be carefully kept for future use. Each formula
would require its own set of cards, and by degrees the engine would have a library of its own.

17. Thus the values for any number of Life Insurance Policies migbalbelated one after the other by merely supplying fresh
cards for the age, amount, rate of interest, &c., for each individual case.

18. The separation of “Operation Cards” from the numbers to betegera is complete. The powers of the engine are the most
extended, but each set of cards makes it special for the sobftiome particular problem; each individual case of which, again,
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requires its own “Number Cards.”

19. Taking theformula used by Mr. Merrifieldab + c)d as an illustration, the full detail of the cards of all soetguired, and the
order in which they would come into play is this:—

The four cards for the “given numbera’b, ¢ andd, strung together are placed by hand on the roller, these numiversohiae
placed on the columns assigned to them in a part of the maciiieé tThe Store,” where every quantity is first received kepit
ready for use as wanted.

Card Card
‘ 1st ‘ ‘ Places on column 1 of Store
‘ 2nd ‘ ‘ Place$ on column 2 of Store
‘ 3rd ‘ ‘ Places on column 3 of Store
‘ 4th ‘ ‘ Placesi on column 4 of Store
‘ 5th ‘ ‘ Bringsa from Store to Mill
‘ 6th ‘ ‘ Bringsb from Store to Mill
‘ ‘ 1 ‘ Multiplies a andb=p
‘ 7th ‘ ‘ Takes to column 5 of Store where it is kept for use and record
‘ 8th ‘ ‘ Bringsp into Mill
‘ 9th ‘ ‘ Bringsc into Mill
‘ ‘ 2 ‘Addsp andc=q
‘ 10th ‘ ‘ Takegy to column 6 of Store
| 1lth | ' Bringsd into Mill
‘ 12th ‘ ‘ Bringsq into Mill
‘ ‘ 3 ‘Multiplies dxg=py
‘ 13th ‘ ‘Takespz to column 7 of Store
‘ 14th ‘ ‘Takespz to printing or stereo-moulding apparatus

20. We have thus besides the “Given Number” Cards, three “Opef@dials” used, and fourteen “Directive Cards;” each set of
cards would be strung together and placed on a roller or prism of its own; this roller woulgéreledsand be moved to and fro. Each
backward motion would cause the prism to move one face bringing the next card into play, just asoon the |

21. It is obvious that the rollers must be made to work in harmony, and for this ptivpdeeers which make the rollers turn would
themselves be controlled by suitable means, or by general ‘Dedatards,” and the beats of the suspended rollers be stopped in the
proper intervals.

22. This brings me to the second great distinguishing feature ofntfiree the principle of “Chain.” This enables us to deal
mechanically with any single combination which may occur out afynpmssible, and thus to be ready for any or every contingency
which may arise.

23. Supposing that it is desired to provide for a certain possibiination such as, for example, the concurrence of ten different
events, it could be effected mechanically thus—each event woukpbesented by an arm turning on its axis, and having atdta e
block held loosely and capable of vertical motion independently adirtinewhich carries it. Now suppose each of these arms to be
brought, on the occurrence of the event it represents, into a position so that the blocks shouldak bertical line, then if the block
in the lowest arm was raised by a lever, it would raikéha nine blocks together, and the top one could be made to rin @ be
communicate motion, &c. &c.; but if any one of the ten events had not happened, its bloglbwout of the “Chain,” and the lowest
block would be raised in vain and the bell remain silent.

24. This is the simplest form of “Chain,” there may be many modifications of it to suiiggrurposes.

25. In its largest extent it will appear in the Anticipatingri@ge further on, but in its simplest form it appears heeragans of
producing intermittent motion at uncertain intervals, which may or may not be previously kithemto the mathematician or even to
the superintendent of the engine who had prepared the cards.

26. In our illustration the first operation card happens to be multijgliceaind the time this would occupy necessarily depends upon
the number of digits in the two quantities multiplied. Now when multiplication éctdid, the “Chain” to every part of the machine not
wanted will be broken, and all motion thus stopped till the mutagibn is completed, and whenever the last step of thatdhkeea
the “Chain” will be restored.

27. The Chain for this purpose may be made this way, a link is cut and the two ends aresimeunhside, overlapping each other;
a part of each link is then cut away exactly the same in pieces. Now if the piece in communication with the driving powe
moved, the other is not, and remains stationary; but if a block is let fathatspace cut away so as to fill the gaps in both parts of the
severed link, the chain will be complete and link—block—link willpas the motion. The block is hung in the end of an arm in
which it can slide, and all that is required is to moveaime sideways while the link pieces are at rest in the prog&tion. This is
shown in the diagram below.
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28. In a machine such as the Analytical Engine, consisting ofasyy whistinct trains of motion of which only a few would be in
action at a time, it may be easily conceived how usefulapdication of the principle of Chain is. It helps to realio®, another
important principle largely adopted, viz., to break up every whimotion as far as possible into short courses, the lasbftegch
furnishing a mere guide for a fresh start in the mechanism from the driving @ivwesurse the link could be broken and restored also
by any of the “Directive Cards” mentioned above. The interpositisuoi links would also be used to save the cards from the wear
and tear unavoidable if they were used for the actual transmission of any force.

29. | hope that | have now given some idea of the methods used for thal gengrol of the engine, and shall pass on to illustrate,
as well as | am able, some of the details of the machirentt to be supposed that | have mastered all these myselfiaor done
so, would it be possible for me to make them intelligible in the course of a Paper, but soafehideal hope to convey.

30. The machine consists of many parts. | have found it easielf noysegard these parts as so many separate machines, loyiven
the same motive power and starting and stopping each other in every posstiileatom but otherwise acting independently, though
with a settled harmony towards a desired result. When dleat ias been reached, it seems easy to imagine them all bemsght
together, grouped in the positions most convenient.

31. Many general plans have been drawn. Plan No. 25, dated 6 Augustvd84ithographed, others followed. The fact is, that
what suits one part best does not suit another, and the number of pweasitiens of the parts renders it difficult to settle which
combination of the whole may be the best for the general plan

32. A part of the machine called “The Store” has already bemttioned. It would consist of a number of vertical columns to
receive the “given numbers” and those arising in the course of the calculations from them.

33. In the example already mentioned seven columns would be usedispfenha first machine twenty would do, with twenty-five
wheels in each; each wheel might have a disc with the digg®9@ngraved on its circumference, but this is not absolutebssaxy.
In act, the whole machine might be constructed without a figure anywhere except for the.printi

34. The “Directive Cards” would put the column selected to receive a “given number” amtwigie a set of racks through which the
“given number” (expressed on its card) would be conveyed to the &thman, each wheel being moved as many teeth as in the
corresponding place of the number.

35. One revolution of the main shaft would be sufficient to put a “givember” on a column of the Store, or to transfer it from the
store to some other part of the engine.

36. The action of the “directive card” in this case is t@aahe selected column so that its wheels should be levelawit
corresponding set of racks, and thus brought into gear with them. Each column of the Store wouldsreguir&irective card.”

37. At the top of each column of the Store would be a wheel on which the Atgsianatbol of the quantity could be written, and on
the top of those columns assigned to receive the intermediate teEit®uld also be done; though at first these columns would be at
zero.

38. There would also be a wheel for the sign + or —. Drawings and notations for such sign xi$teelscehow far the operations of
Algebra may be exhibited has been discussed.

39. The Mill is the part of the machine where the quantitie®peeated on. Two numbers being transferred from the Store to two
columns in the Mill the two are put into gear together through racid the reduction of one column to zero turns the other the exact
equivalent, and thus adds it to the other. Supposing there to be witivieaeha disc with the digits 0 to 9 engraved on its edge, and a
screen in front of the column with a hole or window before eaahallowing one figure only to be seen at a time; during the gsoce
of addition the digits will pass before the window just as in counting tilstine is reached: thus if 5 is added to 7, the 7 will disappear
and 8, 9, 0, 1, pass before the window in succession till 2 apltedre moment when 9 passes to 0, a lever will be moved, thus
recording the necessity of a carriage to the figure above; thagmis made subsequently, and for the Analytical Engine a method
performing the carriages all simultaneously was invented by my father which he éaltezigating” Carriage.

40. When two numbers are added, carriages may occur in any or everyxpkygitiee last; where the wheels pass as just described
from 9 to O, a carriage arises directly; in those places wheregtire filisc comes to rest at 9, no carriage occurs, but one of two things
may happen—if there is no carriage to arrive from the next right hand placeyihhe® be changed; but should one be due, not only
the 9 must be pushed on to 0, but a carriage must be passed on to the next plaedtdratite &nd if there happen to be a succession
of 9's, they will all have to be pushed on. Working with twentg filaces of figures there can be no carriage ever requithd last
place, but there may be in any one, any two, any three, &c., up to twentytdces, where a carriage may arise directly and the same
up to twenty-three places where the presence of 9's may indirectly cause it.
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41. Now immense as is the number of these two sets of combinatieyscan be successfully dealt with mechanically by the
principle of “Chain” and indeed every single combination as it arsspeesented to the eye. There is a series of blocks for eaeh plac
the lower block is made to serve for the two events. The uppehamea projecting arm, which when moved circularly engages a
toothed wheel and moves it on one tooth affecting the figure digtady. It rests on the lower block which moves it up and down
with itself always. After the addition is completed, should a carriage haveneedue and the warning lever have been pushed aside, it
is made (by motion from the main shaft) to actuate the Idleak and throw it into “Chain,” when this is raised (again bytion
from the main shaft) it raises the upper block which thus effects ordinangge; but supposing no carriage to have become due, there
will be at the window either a 9 or some less number. The latter case may beetisatisnce; as a carriage arriving to it will cause no
carriage to be passed on. Should there be a 9 at the window the warningdena@rhave been pushed aside, but in every place where
there is a 9 another lever, again by motion from the main shaft comes into play argitpesbeer block into “Chain”; not, of course,
into “Chain” for ordinary carriage, but into another position for @Har 9's, so that should there come a carriage from below, the
Chain for 9's will be raised as far as it extends and tettffieccarriages necessary, be it for a single place, oef@ral, or for many.
Should there be no carriage from below to disturb it the Chenaires passive; it has been made ready for a possible eventhalsich
not occurred. A certain time is required for the preparatidi@béin,” but that done all the carriages are then effected sinadtesly.

A piece of mechanism for Anticipating Carriage on this plan to twenty-nine figures arisworks perfectly.

42. When a large number of places of figures is being dealt Withsaving of time is very considerable, especially when it is
remembered that multiplication is usually done by successive additions.

43. Another plan for carriage has also been contrived and dravenolivious that there is no necessity, when there are many
successive additions, to make the carriages immediately febmiv addition. The additions may be made one after the other, and the
carriages having been warned or even actually made on a sepdwegl in each place as they arise, can all be madaerot
afterwards; more machinery is required, but the saving of Snvery considerable. This plan has been called “Hoarding Gey'tia
and thoroughly worked out.

44. 1t is interesting to note that Hoarding Carriage is seethe little machine of Sir Samuel Moreland invented in 1666, and
probably existed ithat of Pascadtill earlier.

45. Now it may happen in addition that two or more numbers being adgether, there may not be room at the top of the column
for the left hand figure of the result. This would usually happem fan oversight in preparing or arranging the cards when space
should be left; but it might so happen that the calculation led, as mathematicainsreblaetimes do, through infinity. In either case a
bell would be rung and the engine stopped; or if the contingency had hiegpated by the mathematician, fresh directive cards
previously prepared might be brought into play.

46. One addition would be executed in each turn of the maintagifmtermittent motions required being produced by cams on the
main axis. These would be flat discs with projecting partthem acting on arms with friction rollers at the end. Ezai would be
double, i.e. have two discs; the projections on the one correspondingepitessions on the other. Such cams are easily made and
fixed and adjusted, about six or seven are sufficient for addition. The #ilostslows such a double cam, together with a “Chain” for
throwing into and out of gear, as explainedém 27 This may or may not be wanted.

47. Subtraction is performed by the interposition of an additionabminvhich turns the figure discs the reverse way; the figures
decreasing in succession as they pass the window, and the carriage arises whed@assttgeand a 9 appears. The same arrangement
is applied to the O's in subtraction as to the 9's in addiiod,the same principle of “Chain”; indeed, the same actual msohani
serves for both, the change being made by the movement of a single lever. See the illustration.

48. In subtraction, when a larger is subtracted from a smaller number, thdse aillarning made in the highest place for a carriage
to a place above which does not exist, zero has been passedartiiegwlever will ring a bell and stop the engine, unless the
contingency has been anticipated and provided for by the mathematician.

49. Several ways have been worked out and drawn for multiplication. A skilled compalbeg @éth many places of figures having
to multiply would make by successive additions a table of thetéirsmultiples of the multiplicand; if he has done this correttity
tenth multiple will be the same as the first, only all moved one place teftlend with a O in the units place. Using this table he picks
out in succession the multiples required and puts them in the plapes, then adding all up gets his results, dispensing altogether
with the multiplication table and doing nothing beyond addition. For thehine this way has been worked out and many drawings
and notations exist for it.

50. Another way by the use of barrels has also been drawn. The way by succession additions and steppjmstisepgmplest.

51. When two numbers each of any number of places from one up to twentyyohdkie to be multiplied, it becomes necessary, in
order to save time, to ascertain which has the fewestfisami digits; special apparatus has been designed for thisd c@ligit
Counting Apparatus.” The smaller of the two is made the multiidieth are brought into the Mill and put on the proper columns. As
the successive additions are made, the figure wheels of the meulti successively reduced to zero; when this happens fanany
figure of the multiplier a cam on its wheel pushes out a levechwbieaks the link or “chain” for addition, and completes that for
stepping; so that the next revolution of the main axis causes stdppirgd of addition, and that being done the links are changed
back and the successive additions go on.

52. By this process the multiplier column is all reduced to zero; but if need beanebe another column alongside to which it may
step by step be worked on—anyhow, it stands on record in its own column in the Store.

53. Multiplication would ordinarily be performed from the highesteldownwards, and from the decimal point onwards; so that
the result would be complete to the lowest place of decimals; but, of coursd,asotdin the accumulated error due to cutting off the
figures beyond in each quantity operated on. As, however, there Wwewdcounting apparatus recording the successive additions,
which at the end of the multiplication, would give the sum oftadl digits of the multiplier, the maximum possible error would be
known, and if thought advisable, a correction ordered to be made for it; for instancechi@emngight be directed to halve the total of
the digits, and add it to the last figures of the result wherever cut off.

51. Division is a more troublesome operation by far than multtpicaMr. Merrifield in his report has called this “essaliji a
tentative process,” and so it is as regards the computer with the pen; but as regand$ytieallEngine, | do not assent to it.

55. As, however, he considered the striking part of a clock atitentarocess, while | do not, the difference might be one of
definition of a word, and | only notice it as maintaining that the prosesfshe engine are only so far tentative as the guiding spirit of
the mathematician leads him to make them.

56. Division by Table and also by barrels has been thoroughly dnasviverked out—the process by successive subtraction also.
The divisor and dividend being brought into the Mill, the successiveastioins proceed and their number is recorded; when the
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correct figure has been reached, the subtraction is thrown out by “Chain” and stepping caused.

57. There is no trial and error whatever. Some additional maghmeequired for this and more time is occupied, but the result
certain; the engine stops of necessity at the right figure of the quotient, and gives theratdgping and so on to the end.

58. For the extraction of the square root a barrel would be usedebatdinary process might be followed step by step without a
barrel.

59. Counting machines of sorts would perform important functions in theraedirective. Some would be mere records of the
progress of the different steps going on, but others, of which theplislGolumn may serve as a sort of example, would themselves
act at appointed times as might be previously arranged.

60. This principle of “Chain” is used also to govern the engin@édse cases where the mathematician himself is not ablg to sa
beforehand what may happen, and what course is to be pursued, butdtasdepend on the intermediate result of the calculation
arrived at. He may wish to shape it in different ways according as one acalsaxents may occur, and “Chain” gives him the power to
do it mechanically. By this contrivance machines to play simple games of skill suittatstéo” have been designed.

61. Take a simpler case where the mathematician desired to deéheviargest of two numbers arrived at, not knowing beforehand
which it might be. The numbers would have been placed on the twmeslof the Store previously assigned for their reception, and
cards would have been arranged to direct the two numbers to bactetbteach from the other. In the one case there would be a
remainder, but in the other the carriage warning lever would harerbheved in the highest place, which would be made to bring an
alternative set of cards, previously prepared, into play.

62. | have not been quite able to accept Mr. Merrifield's opingoto ahe “capability of the engine.” He says: “Its capabilityst
extends to any system of operations or equations which leads to amsimgecal result.” Now it could furnish not only one root, but
every root of an equation, if there were more than one, capaatélohetical expression, and there are many such equatioosidt c
follow the processes of the mathematician be they tentativeent,diwherever he could show the way to any number of numerical
results. It is only a question of cards and time. Fabrics bega woven requiring several thousand cards. | possess one made by the
aid of over twenty thousand cards, and there is no reason weyuah number of cards should not be used if necessary, in an
Analytical Engine for the purposes of the mathematician.

63. There exist over two hundred drawings, in full detail, toesedlthe engine and its parts. These were beautifully exebytad
highly skilled draughtsman and were very costly.

64. There are over four hundred notations of different parts. Thesi ang father's system of mechanical notation, an outline of
which | had the honour to submit to this Association at Glasgo®855. Not many years ago | was looking over one of my own
drawings with a very intelligent mechanical engineer in Clerkenweiisied to get motion for some particular purpose. He suggested
to get it from an axis which he pointed to on the drawing. | arety “No, that will not do; | see by the drawing that it islead
centre.” He replied, “You have some means of knowing which | havé hoertainly had, for | used this mechanical notation. The
system in whole or part should be taught in our Art and Technical Schools.

65. In addition to the above things there will shortly be availasd,have said before, the reprint of the various papers published
relating to these machines, and a full list of the drawings and notations will be included.

66. | believe that the present state of the design would adnhie @gfrigine being executed in metal; nor do | think, as suggested by
Mr. Merrifield, quantities and proportions would have to be calculatedo@te working drawings would have to be made—it would
not be wise to commence any work without such drawings—but they waedtynbe simply copies from the originals with such
details as workmen want added. It would also be wise to makielmof particular parts. The shapes of the cams, for instagie,
be tried in wood which would afterwards suit as patterns for castings.

67. Mr. Merrifield doubts“whether the drawings really represent what is meant torered in metal, or whether it is simply a
provisional solution to be afterwards simplified.” | have no doubttti®tdrawings do represent what at the time was intended to be
put into metal; but as certainly were intended to be superselden anything better could be found. Very few machines indeed are
invented which do not undergo modification. It is almost invariablyctee that the second machine made has improvements on the
first design. In such a machine as an Analytical Engine, tbiddrbe important; but no one ever stops a useful invention for fear of
improvements. A gun or an ironclad, for example, has been scaneely before superseded by something better, and so it must be
with all inventions, though fortunately not at the same speed.

68. As to the possible modification of the engiGégpter VIIl.of the Report) | may say that | am myself of opinion that the general
design might with practical advantage be restricted. The enginel Wweustill very useful indeed, if made not quite so automatic; even
the Mill by itself would, | believe, be extensively useful, ipanting or stereo-moulding apparatus were joined to it. Perffaihst
existed, the wants of further parts such as the Store would be felt and supplied.

69. As to the general conclusion and recommenda@ibater IX.of the Report) there is little for me to notice. | see no hope of any
Analytical Engine, however useful it might be, bringing any profitdaonstructor, and beyond the preparation of this Paper, and the
publication of the volume | have mentioned as shortly to follow, there isditth® temptation to do more. Those who wish for such an
engine would, | think, give it a helping hand if they could show what paguiienefit it would bring. The History of Babbage's
Calculating Machines is sufficient to damp the ardour of a dozen enthusiasts.
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